The effects of the calcium ionophore, A23187, on human neutrophil activation were studied in relation to the signaling mechanism of cyclic guanosine monophosphate (cGMP)-dependent protein kinase (G-kinase). Immunocytochemistry demonstrated that G-kinase translocated from a diffuse localization in the cytoplasm to the cytoskeleton after stimulation with A23187. Over a period of 5 minutes, G-kinase was transiently colocalized with the intermediate filament protein, vimentin. At 3 minutes' stimulation with A23187, colocalization of G-kinase and vimentin was predominantly confined to filaments that extended into the uropod. The time of colocalization of G-kinase and vimentin was reduced in the A23187-stimulated cell from 3 minutes to 1 minute by 8-Br-cGMP. Coincident with colocalization was an increase in cGMP levels and transient phosphorylation of vimentin in adhered A23187-stimulated cells. Phosphorylation of vimentin was maximal after 3 minutes with A23187, and was essentially over at 5 minutes. The time of phosphorylation of EUTROPHIL ACTIVATION evokes cellular responses such as shape changes, membrane permeability to ions, and transient changes in cyclic nucleotide levels leading to functional events such as chemotaxis, superoxide generation, and granule release. These cellular functions occur in response to agents that mediate their effects through a complex series of specific intracellular signals.' In particular, a requirement for extracellular calcium in neutrophil lysosomal enzyme secretion has been demonstrated in cells on nonphagocytosable surfaces',' and in cells exposed to chemotactic factors: while both Ca2+ and Mg2+ are necessary for optimal chemotactic responsiveness. ' The carboxylic divalent cation ionophore, A23187, has been used extensively to study neutrophil functions. In the presence of exogenous Ca'+, A23 187 has been shown to induce the selective discharge of specific granules6 and to stimulate phagocytic oxidative metab~lism.'~~ Calcium was the only divalent cation that produced a dose-dependent release of enzymes in the A23187-stimulated neutrophil! The exocytosis of primary granule enzymes, P-glucuronidase and myeloperoxidase, was demonstrated in the presence of vimentin was also reduced from 3 minutes to 1 minute when cells were preincubated with 8-&-&MP and then stimulated with A23187, which suggests that cyclic adenosine monophosphate (CAMP)-dependent protein kinase does not phosphorylate vimentin in A23187-treated neutrophils. Phosphorylation of vimentin was not observed in nonactivated cells treated only with 8-Br-&MP. The presence of the protein kinase C inhibitors, staurosporine or H-7, did not inhibit vimentin phosphorylation in A23187-treated calls, which provides supportive data that protein kinase C is not the phosphorylating enzyme. These results suggest that vimentin and G-kinase are colocalized in a Ca*+-dependent manner in neutrophils, and that vimentin is transiently phosphorylated by G-kinase in response to the colocalization of the two proteins. The transient redistribution of compartmentalized G-kinase represents one type of neutrophil activation mechanism.
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higher concentrations (20 ,umol/L) of A23187.' Although A23187 is itself not chemotactic,'" low doses (1 to 10 nmol/ L) actually enhance random migration and spontaneous motion, while high doses (1 to 10 pmol/L), which activate secretory processes, inhibit motility." These studies suggest that Ca2+ has an important role in coordinating neutrophil functions during activation.
Cyclic nucleotides may also play a role in regulating neutrophil functions. Smith and Ignarrol2 demonstrated that A23 187 in the presence of extracellular Caz+ stimulated both enzyme secretion and elevation of intracellular cyclic guanosine monophosphate (cGMP), and that agents that enhanced cGMP levels (ie, acetylcholine) also enhanced the secretion of granule enzymes caused by A23 187-induced calcium mobilization. In addition, they observed that increases in cGMP levels and granule secretion were maximal between 2 and 5 minutes, with cGMP elevation occurring just before secretion. However, others have been unable to demonstrate a role for A23187 in regulating neutrophil cGMP level^,'^.'^ thus adding to some confusion as to the role of cGMP in mediating the effects of A23187.
Evidence exists to support the idea that guanylate cyclase is regulated by intracellular Ca'+ level^,'^ although the purified enzyme is not stimulated by Ca2+. It is now believed that Ca2+ regulates guanylate cyclase indirectly through the generation of other messengers such as nitrous oxide (NO). Granulocyte-macrophage colony-stimulating factor has also been shown to stimulate guanylate cyclase activity without leading to or requiring increases above nascent Ca2+ levels,I6 which suggests other modes of regulation for guanylate CYclases. Estensen et all' showed that the addition of exogenous cGMP enhanced enzyme release in the presence of A23 187, and suggested that because Ca2+ alone causes slight enzyme release, A23187 may be functioning through a mechanism that is enhanced by both Ca2+ and cGMP.
The major receptor for cGMP is cGMP-dependent protein kinase (G-kinase). Previously, we demonstrated that G-kinase is present in human neutrophils in small amounts.'' We showed that when neutrophils were stimulated with the In this report, we investigated the effect of A23 187 on Gkinase activation to determine if both Ca2+ and cGMP are important for the targeting of G-kinase to intermediate filaments and phosphorylation of vimentin. The results of these studies support the hypothesis that human neutrophil vimentin phosphorylation is dependent on both a Ca2+-dependent localization of G-kinase and substrate and a cGMP-producing stimulus. Cell preparation. Neutrophils were isolated from human peripheral blood with Ficoll-Hypaque Mono-Poly Resolving media. The cells were resuspended at 3 x lo6 cellslmL in Gey's balanced salts buffered with 10 mmoVL HEPES, pH 7.3, and supplemented with l .5 mmoVL CaClz, 1 mmolR. MgCI2, 0.3 mmoVL MgS04 (GBS), and 10% human type AB serum. Neutrophils were allowed to adhere to glass coverslips for 15 minutes or to 60-mm Petri culture dishes for 30 minutes at 37°C. Unattached cells were removed by washing with GBS. Cells consisted of greater than 95% neutrophils as determined by Wright's stain, and were greater than 98% viable by trypan blue exclusion. All reagents were checked for endotoxin by the limulus test and contained less than 0.07 n g h L of endotoxin.
MATERIALS AND METHODS

Reagents
Immunojuorescence localization. Neutrophil monolayers were stimulated with 20 p m o m A23187 in GBs plus 10% human type AB serum from 30 seconds to 5 minutes at 37°C. The culture media was removed and the cells were quickly fixed at room temperature in 1 % paraformaldehyde in 0.075 molL cacodylate buffer containing 0.72% sucrose, pH 7.5, for 10 minutes, followed by 3.7% formaldehyde in phosphate-buffered saline (PBS), pH 7.4, for 10 minutes, -20°C methanol for 4 minutes and -20°C acetone for 1 minute. Cells were washed in PBS after formaldehyde and acetone. In some instances, cells were preincubated with l p m o m 8-Br-cCMP for 15 minutes, followed by incubation with 20 ,umol/L A23187 in the presence of 8-Br-cGMP. Fixed monolayers were incubated at 4°C overnight with rabbit antibovine aorta G-kinase, washed in PBS, and stained for 30 minutes with FITC goat antirabbit IgG. The monolayers were then incubated at 4°C overnight with mouse antiporcine lens vimentin, washed in PBS. and stained for 30 minutes with TRITC-sheep antimouse IgG. Cells were mounted in poiyvinyl-alcohol and viewed on a Leitz Orthoplan fluorescence microscope (E.
Leitz Inc, Rockleigh, NJ). Immunofluorescence photomicrographs were taken on a Leitz Orthomat Camera with Kodak Tri-X Pan film.
ASA 400 (Eastman Kodak, Rochester, NY). Each experiment was performed at least three times.
Phosphorylation of vimentin in situ. Neutrophils were adhered to 60-mm polystyrene Petri dishes for 2 hours with rocking at 37°C with either 0.5 mCi 13?P]ATP (0.4 PmoVL) in GBs containing 10% human type AB serum, or with 0.5 mCi [32P]-orthophosphate in phosphate-free buffer (10 mmoVL HEPES, 138 mmolL NaCI, 2.7 mmol/L KCl, 1 mmoVL MgCI,, 0.5 mmol/L CaClz, 7.5 mmom dextrose, pH 7.4) containing 10% human type AB serum. Identical results were obtained using both procedures. Cell samples were then washed twice with GBS and preincubated for 15 minutes with or without 1 pmoVL 8-Br-cGMP, and/or the protein kinase C inhibitors staurosporine (100 nmolfl) or H-7 (l00 ,umol/L). Cells were then treated with 20 pmoUL A23187 for 1 to 5 minutes. To demonstrate that both staurosporine and H-7 inhibited protein kinase C, at these concentrations, superoxide ion generation was measured in adherent neutrophils stimulated for 20 minutes with 20 ng/mL phorbol myristate acetate (PMA), as described." Superoxide generation was inhibited by 93% and 100% by staurosporine and H-7, respectively.
The reactions were immediately terminated in a postreaction mixture consisting of 0.1% sodium dodecyl sulfate (SDS), 100 pglmL DNase 1, 400 pg/mL RNase A, 1.2 mmol/L p-aminobenzamidine, 1 pmoVL okadaic acid, and 1 mmol/L EGTA. The cell samples were rapidly frozen in dry ice with ethanol and thawed six times, and then sonicated at 4°C for 3 minutes. Samples were then heated to 100°C for 5 minutes, and vimentin immunoprecipitated with 5 pL of undiluted rabbit antihuman fibroblast vimentin overnight at 4"C, and 20 pL Protein-A-sepharose for 4 hours at 4°C. The immunoprecipitated protein was washed three times in a wash buffer containing 50 mmoVL TRIS-Cl, 0.2 mmol/L NaCl, 5 mmoVL EDTA, 0.1% Triton X-100, and 0.05% SDS, reduced in SDS-reducing buffer, resolved by polyacrylamide gel electrophoresis (PAGE), and exposed to x-ray film for 72 hours at -70°C. Each experiment was performed at least three times.
Measurement of cGMP levels. The levels of cGMP were measured in neutrophil monolayers and cell suspensions in triplicates. Cells were adhered to 60-mm Petri dishes in the presence of 10% human type AB serum, washed free of serum, and then stimulated with A23187 in the absence of serum. The culture supernatants were discarded and cGMP levels were determined on the adhered cells or cell pellets from cells stimulated in suspension. The media was quickly removed and the reaction was stopped by the addition of 1 mL ice-cold 50-mrnol/L acetate buffer, pH 4.0, containing 0.1% Triton X-100 and 1.2 mmoVL p-aminobenzamidine. The dishes were then flash-frozen with liquid nitrogen and stored at -70°C. The cells were thawed at room temperature, scraped from the dishes, and a small portion (10 pL) assayed for total protein. Protein concentration was determined for each sample using the BCA protein microplate assay kit. The remainder of the cellular protein was heated to 90°C for 5 minutes, microfuged for 15 minutes at 4"C, and the pellets discarded. The sample supernatants were then concentrated by a speed vac concentrator, reconstituted with 250 pL H20, and acetylated with 5 pL of a reaction mixture consisting of one part acetic anhydride and two pans triethylamine. The amount of cGMP was determined in duplicates using an '"I-cGMP scintillation proximity assay (SPA) kit (Amersham).
RESULTS
Colocnlizntion of G-kinnse ond vimentin in A23187-stimrrlnted cells. To determine if vimentin colocalizes with Gkinase during A23 l87 treatment. neutrophils were stimulated from 30 seconds to S minutes with 20 pmol/L A23187 and stained by double-label immunofluorescence microscopy for G-kinase and vimentin. In unstimulated neutrophils, G-kinase was diffusely localized in the cytoplasm. with some staining at the microtubule organizing center. Colocalization of G-kinase and vimentin was not observed in unstimulated cells (Fig la and h) , as only a diffuse localization of Gkinase was observed in the cytoplasm without any filamentous colocalization with vimentin. Similarly, no notable changes in localization were observed after 30 seconds of treatment with A23187 (data not shown). After I minute of stimulation with A23187, the cells began to polarize and For personal use only. on November 11, 2017. by guest www.bloodjournal.org From there was diffuse staining of G-kinase in the uropod and cytoplasm of some cells, while other polarized cells displayed colocalization of G-kinase and vimentin (Fig IC and  d) . Maximal colocalization was observed at 3 minutes of treatment with A23187, as G-kinase and vimentin colocalized in the uropod of polarized cells and in bidirectional locomoting cells (Fig l e and f) . After 5 minutes of treatment with A23187, colocalization of G-kinase and vimentin was no longer apparent. At this time, the microtubule organizing center and the nucleus were the only identifiable structures staining for G-kinase, as staining for vimentin remained around the nucleus, albeit further condensed (Fig l g and h) . Control cells did not stain when antibody was replaced with preimmune rabbit sera or normal mouse IgG (not shown). These studies show that G-kinase is transiently colocalized with vimentin during A23187 stimulation.
Effects of cGMP on G-kinase and vimentin colocalization. G-kinase is an inactive enzyme, which requires an elevation of cGMP levels for activation. To determine whether the elevation of cGMP enhances G-kinase colocalization with vimentin, cells were preincubated with 1 pmol/L 8-Br-cGMP for 15 minutes and then stimulated with A23187. The time of colocalization of G-kinase and vimentin was reduced by 8-Br-cGMP from 3 minutes to 1 minute, but only in the presence of A23187 (Fig 2) . Incubation of cells with 8-BrcGMP alone did not induce targeting of G-kinase to intermediate filaments (Fig 2a and b) . In the presence of A23187, colocalized staining of G-kinase and vimentin was observed at all time points on filaments within the uropod of polarized cells or within a focal region in the Cytoplasm (Fig 2) . However, the most dramatic colocalization was observed at 3 minutes (Fig 2e and f) , when shape changes were most dramatic. Colocalization of G-kinase and vimentin also appeared to be transient, as colocalization was less frequent after 5 minutes of treatment with A23187 and 8-Br-cGMP (Fig 2g and h) .
cGMP levels in A23187-stimulated neutrophils. Based on the immunofluorescence data suggesting that increasing exogenous cGMP enhances A23 187-stimulated colocalization of G-kinase and vimentin, intracellular levels of cGMP were monitored in adhered neutrophils to determine whether cGMP levels were elevated in response to A23 187. As shown in Fig 3 , cGMP levels were significantly increased within 30 seconds of stimulation with A23187, and remained elevated for 5 minutes. No changes in cGMP levels were detected at any time point in unstimulated cells or in cells stimulated in suspension (data not shown). The amount of cGMP was expressed per milligram of protein to control for variability in numbers of attached cells per dish. The overall trend for each subject was identical, although the individual responses between subjects varied as previously reported.24
Phosphorylation of vimentin by G-kinase. Adherent neutrophils were labeled with 32P and stimulated with A23187 for various time points both with and without 1 pmoyL 8-Br-cGMP to determine if immunoprecipitated vimentin was phosphorylated by G-kinase. Phosphorylation of vimentin by G-kinase also appeared to be transient. In adhered neutrophils, maximal phosphorylation of vimentin was detected in cells stimulated with A23187 for 3 minutes (Fig 4, lane 2) , and with some phosphorylation observed at 1 minute (Fig 
4, lane l). No phosphorylation was detected at 5 minutes.
As observed with the effects of 8-Br-cGMP on G-kinase and vimentin colocalization, 8-Br-cGMP alone (ie, no A23187 treatment) had no effect on vimentin phosphorylation (Fig   4, lane 4) . However, in those neutrophils preincubated with 8-Br-cGMP and then Stimulated with A23187, maximal phosphorylation was detected at the earlier time of I minute (Fig 4, lane 5) . Therefore, 8-Br-cGMP by itself was not capable of directing colocalization of G-kinase with vimentin or vimentin phosphorylation unless 8-Br-cGMP was added with A23 187. These results suggest that the phosphorylation of vimentin by 8-Br-cGMP required the colocalization of kinase and substrate by A23187, and suggest that the targeting of G-kinase to vimentin in the A23 187-activated neutrophil is both Ca2+ dependent and essential for vimentin phosphorylation in the intact cell.
To address the possibility that protein kinase C was contributing to vimentin phosphorylation, inhibitors of protein kinase C were added to the reaction mixture. Phosphorylation was detected only in those cells stimulated with A23 187 or with A23187 and 8-Br-cGMP (Fig 5, lanes 2 and 6) . The presence of the protein kinase C inhibitors, H-7 (1 00 prnol/ L) or staurosporine (100 nmol/L), did not inhibit phosphorylation (Fig 5 , lanes 9 and IO) . We have noted in other studies that these concentrations have little effect on cGMP-dependent protein phosphorylation." No changes in phosphorylation were detected in those cells treated with H-7 alone or staurosporine alone (Fig 5, lanes 7 and 8) . Each phosphorylation experiment was performed a minimum of three times, and the data were consistent. These results suggest that the activation of protein kinase C is not responsible for vimentin phosphorylation in A23 187-treated neutrophils. This result is not unexpected, since A23187 does not increase diacylglycerol in intact cells.
For 
DISCUSSION
The findings presented in this report provide evidence that both Ca2+ mobilization and increases in cGMP levels are required for activation of G-kinase in adherent neutrophils. Previously, we reported that vimentin was transiently phosphorylated by G-kinase when adherent neutrophils were stimulated with FMLP." Since the addition of exogenous 8-Br-cGMP alone to neutrophils does not induce colocalization of G-kinase with vimentin or phosphorylation of vimentin, we proposed that a Ca"-linked activator of neutrophils such as FMLP was required to achieve maximal phosphorylation of vimentin by G-kinase. To determine if Ca" mobilization was required for G-kinase phosphorylation of vimentin, neutrophils were treated with the calcium ionophore, A23187, to bypass receptor activation. In this report, we demonstrate that stimulation with A23187 alone is sufficient to induce a rapid increase in cGMP levels, leading to the targeting of G-kinase to intermediate filaments and phosphorylation of vimentin. Thus, a Ca"-mobilizing agent appears to be required for phosphorylation of vimentin by G-kinase when the two proteins are colocalized.
A rapid increase in cGMP levels was observed in adhered neutrophils stimulated with A23187. This spike in cGMP levels at 30 seconds preceded the time of targeting of Gkinase to intermediate filaments and phosphorylation of vimentin (1 to 3 minutes). These elevated levels were sustained throughout the S-minute period of stimulation. However, despite this sustained increase in cGMP levels, colocalization of vimentin and G-kinase and phosphorylation of vimentin was transient. This suggests that other regulators such as phosphatases may be activated and/or cGMP may be regulating another function in another cell compartment. As reported by others, we detected no significant increases in cGMP levels in neutrophils activated in suspension.'3..'s..'h Neutrophils stimulated with Ca"-mobilizing agents such as FMLP or A23 187 undergo transient polarization followed by increased motility and secretion. These actions appear to involve an increase in cGMP levels, because (1) inhibitors of nitric oxide formation (N'-monomethyl-L-arginine) and soluble guanylate cyclase (LY83S83) attenuate chemotaxis27 and secretion'"; (2) activators of nitric oxide production (Larginine) enhance chemotaxis27 and secretion'"; and (3) analogs of cGMP enhance chemotaxis*".'" and ~e c r e t i o n '~.~" .~~ in activated neutrophils.
The direct association of G-kinase with its substrate supports the concept of compartmentalization for the purpose of effecting neutrophil By immunofluorescence microscopy, we demonstrate that when neutrophils are activated with A23 187, G-kinase transiently moves over a period of S minutes from a diffuse state in the cytoplasm to a colocalized distribution with vimentin ( 1 to 2.5 minutes), and then returns to a distribution resembling that of the unstimulated cell (S minutes). Since no colocalization is observed in resting, nonactivated cells, this directed association of cell components during activation supports the concept of cellular compartmentalization. In further support of this hypothesis, G-kinase was found to phosphorylate vimentin only at the time that the enzyme and substrate were colocal- ized. We estimate that the amount of G-kinase in neutrophils is 1,000-fold less than that of vimentin. Thus, targeting of G-kinase to a specific subcellular compartment seems to ensure that the appropriate extracellular signals will lead to a rapid and efficient phosphorylation by G-kinase.
Additional supportive evidence that G-kinase catalyzes the phosphorylation of vimentin in the A23187-stimulated neutrophil is that (1) vimentin is a good substrate for purified G-kinase in vitro, especially when the two proteins are preincubated together''; (2) phosphorylation in the presence of A23 187 is specifically enhanced by low concentrations ( 1 pmol/L) of 8-Br-cGMP, suggesting that A-kinase is not responsible for vimentin phosphorylation: and (3) phosphorylation occurs in the presence of protein kinase C inhibitors. However, the use of specific inhibitors of G-kinase to demonstrate kinase-specific phosphorylation presents a problem. There are few potent and selective inhibitors of G-kinase, and we have found that the putative G-kinase inhibitor, KT5823, fails to inhibit G-kinase activity in vitro or in vivo, and, in fact, activates neutrophils.% Furthermore, others have suggested that the cyclic nucleotide inhibitor, H-8, is ineffective in discerning &MP-mediated events.35 Thus, to provide supportive data that G-kinase is the phosphorylating enzyme, other approaches may be required. To that end, we recently used the quinolidone, LY-83583, to lower cGMP levels in neutrophils by inactivating guanylate cyclase, and showed that LY-83583 inhibited phosphorylation of vimentin in both FMLP-and A23187-stimulated cells.*' In addition, cGMP analogs, which act as antagonists for G-kinase (eg, Rp-8-Br-&MPS), may offer another more direct approach for inhibiting G-kinase activity" (personal observations). G-kinase is an inactive enzyme that requires an elevation of cGMP levels for activation. The signaling pathway for elevating cGMP formation in neutrophils has renewed interest with the finding that activated neutrophils generate NO, a compound that is known to activate guanylate cyclase."^'* Recently, we reported that intracellular levels of cGMP are significantly elevated when cells are preincubated with Larginine, the precursor for NO formation, and then stimulated with FMLP or A23187." Similar to our findings with 8-Br-cGMP, L-arginine shortened the time of phosphorylation of vimentin by G-kinase in fMLP-and A23187-stimulated cells. The potentiation of increases in cGMP levels by L-arginine and phosphorylation of vimentin suggests that NO may be one pathway important in the signal transduction of A23187 and fMLP. Furthermore, this pathway may be involved in regulating secretion in A23 187-and fMLP-stimulated neutrophils."' Of particular interest is the relationship between the cytoskeleton and neutrophil secretion. A23 187-induced secretion is neither accompanied by increases in microtubule numbers, nor inhibited by colchicine. In addition, Ca" does not appear to be regulating microtubule numbers during neutrophil secretion, although concentrated numbers of IO-nm bipolar filaments (intermediate filaments) were observed by electron microscopy in the pericortical region of A23187-treated neutrophils.'" Similar filament concentrations were reported in CSa-treated neutrophils upon Ca" in flu^."".^'
However. we have found in preliminary in vitro studies that vimentin is not depolymerized into monomers after phosphorylation by G-kinase (data not shown).
We believe this study contributes to two important conFor personal use only. on November 11, 2017. by guest www.bloodjournal.org From
